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Summary
Neuronal synchrony is important to network behavior
in many brain regions. In the olfactory bulb, principal
neurons (mitral cells) project apical dendrites to a
common glomerulus where they receive a common
input. Synchronized activity within a glomerulus de-
pends on chemical transmission but mitral cells are
also electrically coupled. We examined the role of
connexin-mediated gap junctions in mitral cell coordi-
nated activity. Electrical coupling as well as corre-
lated spiking between mitral cells projecting to the
same glomerulus was entirely absent in connexin36
(Cx36) knockout mice. Ultrastructural analysis of glo-
meruli confirmed that mitral-mitral cell gap junctions
on distal apical dendrites contain Cx36. Coupled
AMPA responses between mitral cell pairs were ab-
sent in the knockout, demonstrating that electrical
coupling, not transmitter spillover, is responsible for
synchronization. Our results indicate that Cx36-medi-
ated gap junctions between mitral cells orchestrate
rapid coordinated signaling via a novel form of elec-
trochemical transmission.
Introduction
Neurons involved in olfactory detection and discrimina-
tion show highly correlated spike activity (Laurent et al.,
1996; MacLeod et al., 1998; Laurent et al., 2001). The
olfactory bulb of mammals and its equivalent in insects,
the antennal lobe, also show a striking modular organ-
ization with glomeruli long-considered to be functional
units (Mori et al., 1999). The intersection of this func-
tional activity with the anatomical organization deter-
mines how the odorant map is transformed into a sen-
sory code. There is still considerable debate as to
whether the olfactory bulb serves simply as a relay or
whether it performs more complex feature extractions.
An analysis of coordinated activity within glomeruli can
help resolve this question. In terms of the anatomy, ol-
factory receptor neurons (ORNs) expressing one odor-
ant receptor project their afferents to a single olfactory
bulb glomerulus. In turn, mitral cells project an apical*Correspondence: christij@ohsu.edu
4 These authors contributed equally to this work.dendrite to a single glomerulus such that mitral cells
are organized as odorant-specific glomerular units
(Mori et al., 1999; Xu et al., 2000; Bozza and Mom-
baerts, 2001). This organization is important in corre-
lated activity of mitral cells because cells that project
to the same glomerulus show synchronized activity on
both fast and slow timescales (Carlson et al., 2000;
Schoppa and Westbrook, 2001; Schoppa and West-
brook 2002). Thus, mitral cells within a glomerular unit
can bundle output in a temporally coherent manner.
Spike synchrony in mitral cells is glomerulus-specific
and appears to involve both chemical and electrical
components (Schoppa and Westbrook, 2002). Electri-
cal neurotransmission, determined by members of the
connexin (Cx) family, mediates fast and slow synchrony
in cell networks throughout the central nervous system
(Bennett and Zukin, 2004; Connors and Long, 2004;
Hormuzdi et al. 2004). Electrical and chemical transmis-
sions are often considered to be parallel pathways
rather than cooperative mechanisms. The mixed elec-
trochemical synapse between goldfish auditory affer-
ents and Mauthner cells provides one interesting exam-
ple in which postsynaptic potentials are electrically
coupled to the presynaptic terminals. This retrograde
electrical communication can then directly influence af-
ferent activity and transmitter release (Pereda et al.,
1995; Smith and Pereda, 2003). However, in mammalian
systems, there are surprisingly few examples of tight
cooperativity between electrical and chemical transmis-
sion. Until recently, the molecules responsible for neuron-
neuron electrical coupling were unknown. Among the
large family of connexins that mediate electrical cou-
pling, Cx36 has been identified in central neurons and
can underlie electrical coupling (Condorelli et al., 1998;
Sohl et al., 1998; Rash et al., 2000; Venance et al., 2000;
Deans et al., 2001; Hormuzdi et al., 2001; Landisman et
al., 2002; Long et al., 2002). Cx36 is also expressed
in olfactory bulb glomeruli (Condorelli et al., 1998;
Belluardo et al., 2000; Parenti et al., 2000; Teubner et
al., 2000; Zhang and Restrepo, 2003).
We used olfactory bulb slice recordings from control
and Cx36 knockout mice to examine the role of gap
junctions in glomerular-specific synchronized activity.
Cx36−/− mice lacked direct electrical coupling and cou-
pled AMPA responses between mitral cells within the
same glomerulus. Ultrastructural analysis of bulb glo-
meruli in Cx36-EGFP transgenic mice identified Cx36
at mitral-mitral dendritic gap junctions. Consistent with
the loss of electrical coupling in knockout mice, action
potentials were no longer synchronized in mitral cells
that project their apical dendrites to the same glomeru-
lus. In contrast, slow, coordinated activity within glo-
merular sets of mitral cells could still be evoked by
blocking glutamate uptake.
Results
Synchronized Spiking in Cx36−/− Mice
In paired recordings from wild-type mitral cells that pro-
jected to the same glomerulus, injection of depolarizing
Neuron
762current (100–400 pA; 2.5 s) elicited irregular trains of (
(action potentials that were highly correlated (Figure
1A2). We compared the spiking of cell pairs by cross- s
rcorrelating action potential lag times between cells (Dt),
binning the results, and then generating a synchroniza- t
jtion parameter S (see Experimental Procedures). Corre-
lated spiking was apparent as a peak (S >> 1) in spike 1
8time lag cross-correlograms near Dt = 0 (Figure 1A3). S
values ranged from 1.26 to 7.91 (2.99 ± 0.53, n = 13).
cIn contrast to wild-type mice, correlated spiking was
completely absent in cell pairs from Cx36 knockouts pFigure 1. Glomerulus-Specific Mitral Cell-Correlated Spiking Is Absent in Cx36−/− Mice
(A1 and A2) Simultaneous depolarizing current injections (MA and MB, 250 pA, 2 s) elicited correlated action potentials in a pair of mitral cells
that projected to the same glomerulus in a wild-type mouse. Paired action potentials that occurred together within a brief temporal window
(time lag or Dt < 10 ms; reference cell MA) are denoted with asterisks.
(A3) Cross-correlogram, generated by binning Dt measurements (n = 614), shows a prominent peak centered near Dt = 0, indicative of highly
synchronized action potentials. The synchronization value S (see Experimental Procedures) for this cell pair was 4.17.
(A4) Summary histograms from wild-type mice show that 12 of 13 pairs projecting to the same glomerulus had synchronized action potentials
(significant S value > 1.62), whereas pairs projecting to different glomeruli did not.
(B1) Depolarizing current injections (MA and MB, 100 pA and 200 pA, respectively) elicited action potentials in a pair of mitral cells that
projected to the same glomerulus in a Cx36−/− mouse. In contrast to wild-type mice, action potentials occurred independently in the two
test cells.
(B2) Cross-correlogram of spike lag times lacked a prominent peak with an S value of 1.29 (n = 467).
(B3) Correlated spiking did not occur in pairs of mitral cells projecting to the same glomerulus in Cx36−/− mice.
(C1 and C2) Pairs of mitral cells filled with biocytin (red) show normal mitral cell morphology in both a wild-type (C1) and a knockout mouse
(C2). Note the extensive network of lateral dendrites and the glomerulus-specific projection pattern of apical dendrites. Cell body layers are
demarcated with a nuclear stain (propidium iodide, green). Glom., glomeruli; MCL, mitral cell layer; GCL, granule cell layer. Scale bars, 50 m.Figure 1B1), as reflected in flat cross-correlograms
Figure 1B2). S values for Cx36−/− cells projecting to the
ame glomeruli were 1.01 ± 0.07 (n = 9). As previously
eported (Schoppa and Westbrook, 2002), action po-
entials were not correlated in mitral cell pairs that pro-
ected to different glomeruli (Figures 1A4 and 1B3; S =
.12 ± 0.06 and 0.99 ± 0.07 in wt [n = 12] and KO [n =
] pairs, respectively).
The loss of correlated spiking in the absence of Cx36
ould not be explained by changes in the projection
attern of mitral cell apical dendrites. Mitral cells la-
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1C1 and 1C2) had apical dendrites that projected to a
single glomerulus in both wild-type (n = 5) and Cx36−/−
mice (n = 6). Apical dendritic tufts with overlapping pro-
cesses in close apposition were comparable in both
lines. The absence of Cx36 also did not affect the gross
morphology of cell layers in olfactory bulb slices.
Cx36 Expression in Olfactory Bulb
In cortical interneurons, Cx36-mediated gap junctions
are thought to be preferentially expressed relatively
close to the soma (Amitai et al., 2002). However, mitral-
mitral cell correlated spiking is glomerulus-specific,
and thus the connexin responsible for electrical cou-
pling must be expressed in distal dendrites. To address
this issue, we first mapped the distribution of Cx36 in
the olfactory bulb, using a transgenic mouse in which
the C terminus of Cx36 was tagged with enhanced
green fluorescent protein (EGFP) (Figure 2A). Cx36
mRNA showed a similar distribution in wild-type andFigure 2. Distribution of Cx36-EGFP in the Olfactory Bulb
(A) The diagram shows translation initiation and termination codons, sequences in the two exons encoding the Cx36 protein (black boxes),
the location of the EGFP coding sequence (gray box), and the approximate lengths of the BAC genomic sequences 5# and 3# of the Cx36
coding segment.
(B1 and B2) In situ hybridization of brain slices derived from wild-type (B1) or transgenic Cx36Cx36-EGFP (B2) mice with oligonucleotide probes
derived from the Cx36 (B1) or EGFP (B2) coding sequences share expression of the wild-type and modified Cx36 transcripts. The distribution
of the EGFP transcript in the transgenic Cx36Cx36-EGFP line suggests that Cx36-EGFP is expressed only in Cx36-containing neurons. Some
deviations in signal intensity between probes were noted, e.g., in the cerebellum. A preliminary cellular analysis of the in situ hybridizations
indicates that Cx36 in wt and Cx36-EGFP in transgenic mice are expressed in the same cell types, namely cerebellar granule and basket
cells. Scale bar, 2.5 mm. OB, olfactory bulb; RT, reticular thalamic nucleus; H, hippocampus; C, cerebellum.
(C) At the protein level, EGFP fluorescence was present as punctate labeling of glomeruli in transgenic mice. Scale bar, 50 m; scale bar
(inset), 200 m.
(D) The Cx36-EGFP fusion protein, as determined by anti-EGFP immunoreactivity, was present within glomeruli and in mitral cells. Arrows
indicate the mitral cell layer. Scale bar, 200 m.Cx36-EGFP mice (Figures 2B1 and 2B2), confirming the
correct expression pattern of the transgene. In the ol-
factory bulb, Cx36 mRNA was expressed in mitral cells,
juxtaglomerular cells, and granule cells. EGFP fluores-
cence, an indicator of Cx36 protein expression, re-
vealed a punctate distribution indicating hot spots of
protein localization in glomeruli (Figure 2C). Cx36-EGFP
was not detectable above background in the external
plexiform layer, indicating that mitral cell expression is
primarily in apical dendritic tufts, rather than in lateral
dendrites. When Cx36-EGFP was enhanced using an
antibody directed against EGFP, signal was also ob-
served in mitral cell bodies (Figure 2D), confirming that
mitral cells express Cx36.
To determine whether Cx36 underlies functional cou-
pling between mitral cells, we used paired recording in
cells projecting to the same glomerulus. In slices from
wild-type mice, hyperpolarizing current injections (100–
800 pA, 500 ms) in one cell evoked a hyperpolarization
in the other cell, indicative of electrical coupling (Figure
Neuron
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(A [left]) In a wild-type mouse paired recording from mitral cells that projected to the same glomerulus, a hyperpolarizing current injection
(500 pA, 500 ms) in one mitral cell (MA) elicited a large hyperpolarization in that cell, as well as an electrically coupled smaller hyperpolarization
in an adjacent test mitral cell (MB). (A [right]) Similarly, current injection (500 pA, 500 ms) in MB revealed a coupled potential in MA, indicating
a symmetrical junction. A coupling coefficient (CC, ratio of the voltage deflection in the stimulated versus the test cell) was computed for this
cell pair (MA/MB CC = 0.062; MB/MA CC = 0.080; pair average = 0.071).
(B) Summary histogram from wild-type mice shows that 19 of 19 mitral cell pairs projecting to the same glomerulus had CCR 0.005 (reciprocal
measurements were averaged and thus reflect a single point). Cells projecting to different glomeruli were not electrically coupled (CC < 0.005).
(C [left]) In a Cx36−/− mouse paired recording from mitral cells projecting to the same glomerulus, a hyperpolarization (500 pA, 500 ms) in one
mitral cell failed to generate an electrically coupled potential in the adjacent test cell (MA/MB CC = 0.001). (C [right]) The reciprocal recording
configuration also failed to generate a coupled current (MB/MA CC = 0.004; pair average = 0.003).
(D) Summary histograms show that electrical coupling did not occur in pairs of mitral cells projecting to the same glomerulus in Cx36−/− mice.3A). The coupling coefficient (CC, the ratio of the volt- 0
iage deflection in the stimulated cell to that in the test
cell) was 0.039 ± 0.005 (n = 19) for mitral cells that pro- e
Tjected to the same glomerulus (3B). Reciprocal cou-
pling was observed in all pairs examined (CCcell1/ C
cCCcell2 = 0.78 ± 0.05, n = 10; Figure 3A). As previously
reported in the rat (Schoppa and Westbrook, 2002), CC
correlated with the synchronization value, S (R = 0.71, U
Gn = 25; p < 0.001). In contrast, Cx36−/− mitral cell pairs
were not electrically coupled (CC = 0.002 ± 0.001; Fig- T
bure 3C). Coupling was not detectable in mitral cell pairs
that projected to different glomeruli in either wild-type c
m(CC = 0.002 ± 0.001, n=12; Figure 3B) or knockout mice
(CC = 0.001 ± 0.001, n = 12; Figure 3D). The input resis- g
ltance of Cx36−/− mitral cells (117 ± 9 M, n = 28) was
significantly larger than that of wild-type cells (68 ± 4 m
lM, n = 30; p < 0.05), consistent with the loss of neu-
ron-neuron gap junctions in Cx36−/− glomeruli. In ma- d
bture mice (P42–P44), mitral cells projecting to the same
glomerulus were also electrically coupled (CC = 0.018 ±.007, n = 4). Although the CC was marginally smaller
n mature animals (p < 0.05), these results indicate that
lectrical coupling is not limited to juvenile animals.
hese results demonstrate that mitral cell expression of
x36 is necessary for glomerulus-specific electrical
oupling.
ltrastructural Expression of Cx36 in Mitral Cell
lomerular Tufts
he existence of mitral-mitral cell gap junctions has
een controversial (Kosaka and Kosaka, 2003). Be-
ause the punctate fluorescence observed in the glo-
eruli of Cx36-EGFP mice could potentially represent
ap junctions between cells other than mitral cells (Bel-
uardo et al., 2000; Hormuzdi et al., 2001), we used im-
unogold electron microscopy to examine the subcel-
ular location of Cx36 within glomeruli. To maximize
etection, we visualized the Cx36-EGFP fusion protein
y preembedding immunocytochemistry with EGFP an-tibodies in conjunction with silver-enhanced gold par-
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Glomerular Gap Junctions
(A1–A3) Serial sections reveal gap junctions
in the glomerular layer of Cx36Cx36-EGFP
mouse olfactory bulb. Sections were labeled
by preembedding immunogold electron mi-
croscopy with an anti-EGFP antibody. At
punctum adhaerens (pa), Cx36-EGFP immu-
noreactivity (black dot) was found adjacent.
Note the cytoplasmic semidense material
undercoating the entire length of the inner
surface of the junctional plasma membrane.
Scale bar, 50 nm.
(B1 and B2) Two silver-enhanced gold par-
ticles are located at a morphologically iden-
tified gap junction (gj) (arrows) between two
dendrites (d1 and d2) of mitral cells in this
glomerulus. Note the pale cytoplasmic ma-
trix of the mitral cell dendrites containing
spherical synaptic vesicles and the electron-
dense granular cytoplasm of the olfactory
nerve (ON) terminals. Scale bar, 100 nm.
(B3) The neuronal gap junction of (B2) is
shown at higher magnification. The extracel-
lular space is narrowed to a small gap of 2
to 3 nm. Note the characteristic laminar ap-
pearance of the membranes. Scale bar,
25 nm.ticles (Figure 4). The distribution of gold particles within
glomeruli was evaluated in tissue obtained from three
transgenic animals. Of the gold particles counted,
82.5% were associated with plasma membranes. Of
these, 95% were within glomerular dendrites. Dendrites
were labeled at areas of close membrane apposition in
serial sections, consistent with the presence of a neu-
ronal gap junction. We more closely examined 19 gap
junctions that contained a total of 55 gold particles. The
labeled gap junctions had characteristic features, such
as localization next to punctum adhaerens and a cyto-
plasmic semidense material undercoating the junc-
tional plasma membrane surface (Figures 4A1–4A3). Mi-
tral cell dendrites were identified on the basis of their
pale cytoplasmic matrix, few organelles, spherical vesi-
cles, and asymmetric synapses. These criteria were ini-
tially established by Pinching and Powell (1971) and
subsequently have been widely accepted in EM studies
of mitral cells (e.g., Kosaka and Kosaka, 2004). Mitral-
mitral cell gap junctions were labeled with silver-
enhanced gold particles (Figures 4B1–4B3). In some
cases, immunogold particles labeled both sides of mi-
tral-mitral gap junctions indicative of homotypic Cx36
channels. These results indicate that Cx36 is responsi-
ble for gap junctions between distal dendrites of mitral
cells in olfactory bulb glomeruli. As expected, the label-
ing was not exclusively limited to mitral cells, consis-
tent with the expression pattern of Cx36 mRNA and
protein. However, gap junctions in other cells in the ol-
factory bulb were not investigated in detail.
AMPA Autoreceptor-Mediated Excitation
in Cx36−/− Mice
Our results indicate that mitral cell-correlated spiking
requires Cx36-containing gap junctions and that thesejunctions are located on distal dendrites in the glomer-
ular layer. However, correlated spiking also depends on
AMPA receptor responses (Schoppa and Westbrook,
2002). This implies that coupling of action potential
waveforms is insufficient to drive spike synchrony.
Rather, both electrical and chemical transmission must
contribute. Action potentials in mitral cells evoke den-
dritic glutamate release that activates AMPA receptors
on apical tufts of the same dendrite (autoreceptors)
(Salin et al., 2001; Schoppa and Westbrook, 2001).
Electrical coupling of the evoked AMPA autoreceptor
response between mitral cells (DAMPA) could drive cor-
related firing by bringing the coupled cells to spike
threshold (Schoppa and Westbrook, 2001). Alterna-
tively, glutamate released from one mitral cell could
spill over and directly excite AMPA receptors on neigh-
boring mitral cells within a glomerulus (Urban and Sak-
mann, 2002). We directly examined these possibilities
in Cx36−/− mice.
In recordings from wild-type mitral cells projecting to
the same glomerulus, single action potentials elicited
in one cell evoked a two-component depolarization in
an adjacent cell (Figure 5A, lower trace). The first com-
ponent (observed in 5 of 7 pairs) was rapid and was
directly superimposable on the evoked action potential
in the stimulated cell. These spikelet-like depolariza-
tions also were recorded in 3 of 6 pairs in Cx36−/−, sug-
gesting that they represent ephaptic or capacitative
coupling, rather than electrically-coupled action poten-
tials. The second component in wild-type cells was
larger and slower (0.66 ± 0.18 mV, W1/2 = 11.8 ± 2.4 ms,
n = 7) and was greatly reduced by NBQX (20 M;
36.9% ± 13.9% of control, n = 7), consistent with the
previously described D (Schoppa and Westbrook,AMPA
2002). In some cells there was a slow NBQX-insensitive
Neuron
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(A) In a wild-type mouse, a brief current injection (800 pA, 4 ms) elicited an action potential in one cell (MA) of a paired mitral cell recording
and evoked a synaptic potential in the adjacent test cell (MB). The potential was blocked by NBQX (20 m), confirming that it was AMPA
receptor-mediated. AP5 and GABAzine, 100 M and 5 M, respectively, were present throughout the experiment. A spikelet-like action
potential waveform (inset) was also elicited.
(B) Current injection (600 pA, 5 ms; resting potential, −65 mV) in a wild-type mouse recording evoked an action potential in the stimulated
cell and a NBQX-insensitive response in the unstimulated cell. The latter was composed of the current injection waveform and a prominent
after-hyperpolarization. A subthreshold depolarization in the stimulated cell (600 pA, 5 ms; resting potential, −80 mV) was much faster than
the subthreshold depolarization in the follower cell, indicating that the resultant coupled waveform was distorted by passive electrical propa-
gation.
(C) In a paired recording from a Cx36−/− mouse, an evoked action potential in one cell failed to evoke an AMPA autoreceptor-mediated
potential in the adjacent test mitral cell; however, the spikelet-like action potential waveform was still present (inset).
(D1) An isolated AMPA autoexcitatory potential evoked by an action potential in a wild-type mouse single-cell recording. A subtraction
protocol (±NBQX) was used to remove the action potential waveform and afterhyperpolarization (inset) and thus reveal the underlying AMPA
autoexcitatory potential.
(D2) A prominent AMPA autoreceptor-mediated potential was also seen in a single-cell recording from a Cx36−/− mouse.
(E) Shown in the summary histograms are the AMPA autoreceptor kinetics. The AMPA autoexcitatory potentials in Cx36−/− mice were compa-
rable in size and shape to those in wild-type mice (WT-AP sub. and KO-AP sub.). The electrically coupled AMPA potential in wild-type mice
(WT-Paired) tended to be smaller in size and shape when compared to the autoexcitatory potential. Asterisk denotes statistical significance
(p < 0.05). Error bars represent the mean ± SEM.component that was attributable to direct coupling of s
othe depolarizing current injection from the stimulated
cell (Figure 5B). A subthreshold depolarization that was s
cdetected in the follower cell is shown in Figure 5B (top
and middle panel, n = 3). However, for most cells, the i
tcoupling coefficient was too small to detect an NBQX-
insensitive component; thus, the follower cell response c
nwas dominated by DAMPA. In contrast to our results in
wild-type mice, we were unable to evoke the slow com-
ponent in Cx36−/− cell pairs that projected to the same S
Eglomerulus (0.01 ± 0.03 mV, n= 6, p < 0.05, Figure 5C).
Despite the absence of an electrically coupled DAMPA c
Cdepolarization, AMPA autoexcitatory potentials were
present in Cx36−/− mice. In wild-type (n = 6) and Cx36−/− r
t(n = 5) mice, AMPA autoreceptor potentials generated
by action potentials had a similar amplitude and shape p
nand were comparable to DAMPA (Figures 5D1, 5D2, and
5E). One might expect that the AMPA autoreceptor re- 2
sponse should be larger than the coupled DAMPA re-ponse. However, the large variability in the amplitude
f the autoreceptor response precluded a direct mea-
urement of the correlation between DAMPA and the
oupling coefficient. These results indicate that DAMPA
s mediated by electrical coupling of AMPA autorecep-
or potentials. Thus, Cx36-mediated gap junctions
ombine with dendritic glutamate release to create a
ovel form of electrochemical transmission.
low Synchronization and Electrical Junctions
lectrical coupling can mediate both fast and slow syn-
hrony in neuronal networks (Bennett and Zukin, 2004;
onnors and Long, 2004; Hormuzdi et al., 2004). Our
esults indicate that synchronization of action poten-
ials is dependent on Cx36-mediated electrical cou-
ling. However, mitral cells also have slow synchro-
ized oscillations (Isaacson, 1999; Puopolo and Belluzzi,
001) that are glomerulus-specific (Carlson et al., 2000;Schoppa and Westbrook, 2001). Other cell types can
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electrical coupling, including neocortical interneurons,
inferior olivary neurons, thalamic reticular nucleus inter-
neurons, and locus coeruleus neurons (Beierlein et al.,
2000; Alvarez et al., 2002; Long et al., 2002; De Zeeuw
et al., 2003; Long et al., 2004).
To examine whether electrical coupling mediates
slow oscillations in mitral cells, we evoked periodic
slow depolarizations with the glutamate uptake blocker
TBOA (50 M; Isaacson, 1999). Depolarizations al-
ternated with silent interburst periods (not shown), but
often the depolarizations oscillated at a regular fre-
quency (z0.5 Hz, Figure 6A1). In wild-type mice, pairs
of mitral cells that projected to the same glomerulus
had highly synchronized depolarizations (C0 values
R0.75, n = 5), consistent with previous reports (Carlson
et al., 2000; Schoppa and Westbrook, 2001). When mi-
tral cells were held near the resting membrane poten-
tial, action potential bursts were often evoked at the
peaks of the depolarizations (Figure 6A2). Although the
slow depolarizations provided rhythmicity in action po-
tential bursts, spiking within each burst was too fast to
allow an assessment of high-fidelity spike synchroniza-
tion. For example, TBOA-induced spiking exceeded 60Figure 6. TBOA-Evoked Slow Synchronized Depolarizations in Cx36−/− Mice
(A1) In a wild-type mouse, a pair of mitral cells projecting to the same glomerulus exhibited large synchronized slow depolarizations (inset) in
the presence of TBOA (50 m). Hyperpolarizing current injections were used to prevent cells from spiking. The peak of the cross-correlogram
(t = 0; C0) for this pair was 0.84, indicative of a high degree of synchrony.
(A2) When the holding potentials of the mitral cells were held near rest, TBOA-induced depolarizations evoked closely spaced bursts of
action potentials.
(B1) In a paired recording from a Cx36−/− mouse in which mitral cells projected to the same glomerulus, TBOA induced highly synchronized
depolarizations (C0 = 0.75), demonstrating that slow correlated oscillations can be evoked without electrical coupling.
(B2) When mitral cells were held near rest, the TBOA-induced depolarizations organized temporally similar bursts of action potentials.
(C) Summary data show that slow depolarizations were well synchronized in wild-type and Cx36−/− mice. Biocytin cell fills (data not shown)
confirmed the apical dendritic projection patterns.Hz in Figure 6A2, beyond the resolution necessary toeffectively quantify S by our methods. Slow depolariza-
tions in mitral cell pairs that projected to different glo-
meruli were not synchronized (Figure 6C, n = 5).
Electrical coupling was not required for the slow
oscillations evoked by glutamate uptake block. Specifi-
cally, mitral cells that projected to the same glomerulus
in Cx36−/− mice had periodic depolarizations that were
synchronized (C0 valuesR0.75, n = 6; Figure 6B1). As in
wild-type mice, action potential bursts were temporally
correlated when the membrane potential was held near
rest (Figure 6B2). These results support the observa-
tions that spillover, at least under conditions of gluta-
mate uptake block, can drive slow correlated activity in
a glomerulus even in the absence of electrical coupling
(Isaacson, 1999; Schoppa and Westbrook, 2001).
Discussion
Cx36 in the Olfactory Bulb
Although gap junctions are widespread throughout the
mammalian brain, the evidence for electrical synaptic
transmission has been limited. Early studies of the con-
nexins, the molecular mediators of electrical junctions,
were largely directed at nonneuronal cells (Nagy and
Rash, 2000). The identification of a neuronal-specific
Neuron
768connexin (Cx36) (Condorelli et al., 1998; Sohl et al., R
a1998) changed that focus. Cx36-mediated gap junc-
tions have been identified in neocortex, hippocampus, T
tthalamus, and retina (Deans et al., 2001; Deans et al.,
2002; Hormuzdi et al., 2001; Landisman et al., 2002; A
sBlatow et al., 2003). However, those Cx36-mediated
junctions between local circuit neurons have primarily i
rbeen studied (Connors and Long, 2004), with the ex-
ception of inferior olive projection neurons (Long et al., a
i2002). Our results indicate that projection cells of the
olfactory bulb, mitral cells, are coupled by Cx36-medi- o
aated gap junctions, thus extending the role of these
junctions to a new class of neuron. Mitral cells may ex- s
apress at least two additional connexins (Cx43 and
Cx45) (Paternostro et al., 1995; Miragall et al., 1996; g
eZhang and Restrepo, 2002). Although the functional
significance of these connexins is not known, they T
dcould participate in coupling mitral cells to local inhibi-
tory interneurons (Paternostro et al., 1995; Kosaka and s
tKosaka, 2003).
Before connexins were identified, dye coupling was t
pconsidered a required feature of a functional gap junc-
tion. We did not observe dye coupling between mitral A
hcells in wild-type mice, presumably because of their
distal dendritic location. In the thalamic reticular nu- c
cleus and neocortex, where Cx36 also mediates gap
junctions between neurons, dye coupling is rarely ob- c
tserved (Gibson et al., 1999; Landisman et al., 2002, al-
though see Devor and Yarom, 2001). In contrast, Cx36- l
smediated dye transfer does occur between the strongly
coupled AII amacrine cells in the retina (Deans et al., n
t2002).
Unlike prior reports of Cx36-mediated gap junctions f
sin other neurons, both our physiological and immunolo-
calization studies indicate a distal dendritic location in c
tmitral cells. The predominant distribution of Cx36 in
bulb glomeruli, identified using a Cx36-EGFP fusion p
aprotein, is in agreement with immunocytochemical
studies targeting Cx36 directly (Belluardo et al., 2000; D
pTeubner et al., 2000; Zhang and Restrepo, 2003). Using
a β-galactosidase reporter, Degen et al. (2004) found b
fthat mitral cells in the accessory olfactory bulb express
Cx36; thus, it is likely that mitral cells in this structure t
pare functionally coupled. Ultrastructural studies have
revealed an extensive gap junctional network in the glo- l
dmerular layer (Kosaka and Kosaka, 2003). Cx36 is ex-
pressed in several cell types in the glomerulus; our d
simmunoelectron microscopy clearly demonstrates ex-
pression in mitral cell dendritic tufts. Although the EM j
ccriteria for mitral cell dendrites is well established
(Pinching and Powell, 1971), our search for mitral-mitral t
pcell gap junctions was easier because we could focus
on gap junctions that were gold-labeled for Cx36. We n
athen verified that these dendrites had the EM charac-
teristics of mitral cells. Kosaka and Kosaka (2003) did a
pnot report mitral-mitral cell gap junctions, most likely
because the processes containing gap junctions were E
runidentified. On further examination, however, they also
identified mitral-mitral cell gap junctions (Kosaka and
pKosaka, 2004). We looked for gap junctions between
biocytin-labeled mitral cells. However, the presence of n
dcytoplasmic reaction product prevented adequate visu-
alization of membrane structures by immunoelectron i
rmicroscopy.ole of Cx36 in Electrical Coupling
nd Synchronous Spiking
he dependence of correlated spiking on AMPA recep-
ors is a distinct feature of mitral-mitral cell synchrony.
n AMPA receptor-mediated potential (DAMPA) is neces-
ary for correlated spiking in mitral cells and could orig-
nate from electrical coupling of the AMPA autoreceptor
esponse (Schoppa and Westbrook, 2002). Although
glomerulus-specific AMPA-mediated potential with
dentical kinetics has been attributed to glutamate spill-
ver (Urban and Sakmann, 2002), such responses were
bsent in mice lacking Cx36. Our data directly demon-
trate that DAMPA propagates electrically and that single
ction potentials do not produce glutamate spillover in
lomeruli. Thus, the distal dendrites of mitral cells gen-
rate a unique electrochemical form of transmission.
he localization of Cx36 and AMPA receptors in distal
endrites makes it plausible that these proteins form a
tructural complex. Although the protein-protein in-
eractions of connexins are only now being explored,
he C termini of connexins can interact with anchoring
roteins, such as the MAGUK family (Herve et al., 2004).
close association of Cx35 and glutamate receptors
as been recently reported at the goldfish Mauthner
ell synapse (Pereda et al., 2003).
Cx36-mediated coupling in distal dendrites of mitral
ells could potentially involve action potentials, sub-
hreshold depolarizations such as incoming EPSPs, or
ocal coupling of chemically mediated autoreceptor re-
ponses. Our data indicated that the chemical compo-
ent DAMPA acts as a booster or amplifier of depolariza-
ions in the distal dendrites of the glomerular tuft. The
ast component of the coupling potential, the so-called
pikelet, is not sufficient to cause action potential syn-
hronization (Schoppa and Westbrook, 2002). In fact,
he spikelet was present in some Cx36−/− mitral cell
airs. Thus, it does not arise from direct coupling of
ction potentials through mitral cell gap junctions. If
AMPA is due to electrical transmission, one would ex-
ect that other depolarizations in distal dendrites could
e conducted across Cx36-mediated gap junctions. In
act, we were able to see direct coupling in response
o subthreshold stimulation. These responses were not
resent in every cell, but included a depolarization fol-
owed by an afterhyperpolarization that varied with the
egree of cell coupling. However, our experimental
ata do not support the suggestion from a modeling
tudy that coupling of action potentials account for
unctional depolarizations (Migliore et al., 2005). Be-
ause our protocol for examining spike synchrony used
rains of spikes evoked by long, low-amplitude current
ulses, prominent NBQX-insensitive components were
ot present, or expected, in the coupled potential (see
lso Schoppa and Westbrook, 2002). Brief, larger-
mplitude depolarizations are more apt to cause cou-
ling of subthreshold events; thus, incoming afferent
PSPs could contribute to spike synchrony under natu-
al stimulation conditions.
The location of gap junctions on distal dendrites
laces constraints on the frequency response of the
etwork. Both the attenuation of signals within the den-
rite and the frequency response of the gap junction
tself will affect the signal reaching the follower cell. Our
esults suggest that slower events (e.g., D lastingAMPA
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769tens of milliseconds) are easier to detect in the follower
cell than are rapid events, such as action potentials.
Events with low-frequency components, such as action
potential afterhyperpolarizations and AMPA autorecep-
tor potentials, are less subject to filtering by the
electronic structure of the dendrite, or by the gap junc-
tion itself. Consistent with these observations, EPSPs
traverse the apical dendrite with little attenuation (Djuri-
sic et al., 2004), whereas action potential waveforms
exhibit marked attenuation along mitral cell dendrites
(Bishofberger and Jonas, 1997; Xiong and Chen, 2002;
Christie and Westbrook, 2003; Djurisic et al., 2004). The
attenuated amplitude of DAMPA at the cell body was
only 0.2–1 mV. Although we do not have a direct mea-
sure of their amplitude in distal dendrites, it is likely that
summation of DAMPA at multiple sites, impinging from
multiple dendrites within a glomerulus, is necessary for
action potential generation.
Spillover and Electrical Coupling as Distinct
Mechanisms of Synchrony
Electrical coupling in some systems can support high-
frequency events. For example, gap junctions enhance
γ oscillations (25–70 Hz) in hippocampal and neocorti-
cal interneurons (Traub et al., 2003).Similarly, axoaxonal
electrical coupling can be very fast, allowing action po-
tentials to cross from one axon to the next (Schmitz et
al., 2001; Traub et al., 2003). The impact of the fre-
quency response characteristics of the glomerular net-
work will depend on the odor-evoked frequency of ac-
tion potentials in mitral cells. Although the depolarizing
current injections that we used do not precisely reflect
natural odor stimuli, ORN stimulation evokes slow syn-
chronized depolarizations (Schoppa and Westbrook,
2001) upon which action potentials may be superim-
posed.
Although our data demonstrate that gap junctions
are required for spike synchronization, the loss of Cx36
did not eliminate all rhythmic activity. In particular,
TBOA-induced depolarizing oscillations persisted in
the Cx36−/− mice. This situation bears some resem-
blance to the inferior olive in which neurons normally
show slow synchronous activity. There, synchrony is
lost in Cx36−/− mice, but subthreshold rhythmic activity
persists (Long et al., 2002; De Zeeuw et al., 2003). In
the olfactory bulb, glial-encapsulated glomerular sub-
compartments (Chao et al., 1997; Kasowski et al., 1999)
may promote rhythmic activity by glutamate pooling
and spillover. In fact, large depolarizing stimuli, but not
single action potentials, can generate spillover poten-
tials between pairs of mitral cells (Isaacson, 1999;
Schoppa and Westbrook, 2001). This spillover is
thought to synchronize slow oscillations evoked by ol-
factory nerve stimulation (Schoppa and Westbrook,
2001). Glomeruli in Cx36−/− mice showed apparently
normal morphology; thus, spillover between mitral cells
could provide an additional mechanism for synchroniz-
ing activity. Bursts of action potentials mediated by
TBOA-induced depolarizing oscillations are sufficient
to at least coarsely organize coherent mitral cell firing
in the absence of electrical coupling.Functional Implications
Correlated spiking is widespread in the central nervous
system, although its relationship to information pro-
cessing in circuits is still not obvious in most cases. In
the olfactory system, odor inhalation evokes prominent
high-frequency oscillations of local field potentials,
suggesting that groups of output cells synchronize ac-
tivity (Adrian, 1950). Synchronized single-unit activity,
induced by odor inhalation, has been reported in the
rabbit olfactory bulb, although the glomerular specific-
ity of the paired units was not determined (Kashiwadani
et al., 1999). In insects, network oscillations that pre-
sumably reflect precise timing relationships among out-
put neurons also occur (Laurent et al., 1996; Wehr and
Laurent, 1996, Stopfer et al., 1997). A critical issue is
whether precise timing of action potentials is necessary
or important for olfactory coding. Our results indicate
that Cx36-mediated coupling is necessary for rapid
spike synchronization. However, mitral-mitral gap junc-
tions are not essential for clustering of spikes on slow
synchronous oscillations, at least under the extreme
conditions of glutamate uptake block. At first glance,
this might seem to imply that Cx36-mediated gap junc-
tions are necessary only for rapid synchrony. However,
mitral-mitral gap junctions may also serve in a more
general manner as a booster of intraglomerular activity.
Given the amplification generated by the hybrid Cx36-
AMPA coupling mechanism, it seems likely that this
coupling will also enhance intraglomerular excitability
that is evoked by natural stimuli.
Functional studies indicate that an odorant elicits a
specific map of glomerular activation (Xu et al., 2000;
Korsching, 2002). Spillover-mediated excitation and
electrical coupling, working in concert, could provide a
mechanism for maintaining the fidelity of the map by
synchronizing mitral cells projecting to the same glo-
merulus. Ultimately, olfactory information from the bulb
is conveyed to high-order processing centers via action
potentials in mitral cell axons. If axons of mitral cells
from the same glomerulus converge on common target
neurons in the olfactory cortex, then olfactory cortical
neurons will receive odorant-coded spike trains. Spike
timing-dependent plasticity might be one mechanism
for these neurons to discriminate between odors.
Experimental Procedures
Mice
Cx36-EGFP and Cx36 knockout mice were generated as described
previously (Hormuzdi et al., 2001; Feigenspan et al., 2004). Electro-
physiological data were generated in knockout and wild-type mice.
Heterozygous crosses were used to generate knockout pups. Wild-
type controls included Cx36+/+ littermates as well as unrelated C57-
BLK background mice. Differences were not observed between
these two groups, so all data was pooled.
Electrophysiology
We prepared horizontal slices of main olfactory bulb (250–300 m)
from mice (P14–P21). Slices were cut and incubated in an oxygen-
ated solution containing: 83 mM NaCl, 26.2 mM NaHO3, 2.5 mM
KCl, 1 mM NaH2PO4, 3.3 mM MgCl2, 0.5 mM CaCl2, 22 mM glucose,
and 72 mM sucrose (pH 7.3). For recording, we made the following
substitutions: 119 mM NaCl, 1.3 mM MgCl2, and 2.5 mM CaCl2;
sucrose was omitted. The bath perfusion temperature was main-
tained at 32°–35°C.
Whole-cell recordings were obtained under visual control, using
Neuron
770DIC optics (Carl Zeiss). For paired recordings, mitral cell bodies A
awere typically separated by 5–45 m. Patch pipettes (4–6 M) con-
tained a solution of 125 mM K gluconate, 2 mM MgCl2, 0.025 mM 6
aCaCl2, 1 mM EGTA, 2 mM NaATP, 0.5 mM NaGTP, and 10 mM
HEPES (pH 7.3). Current recordings were made with Axopatch t
t200A and 200B amplifiers (Axon Instruments). The analog signals
were filtered at 1–5 kHz with the built in eight-pole Bessel filter and o
idigitized at 0.5–10 kHz. Data were acquired and analyzed using
Axograph 4.6 (Axon Instruments). Mitral cells were often held at f
bhyperpolarized potentials to prevent random spiking.
To assess cell morphology, mitral cells were filled with biocytin
(0.1%) during whole-cell recordings. Slices were then fixed in PBS S
(72 mM NaH2PO4 and 28 mM Na2HPO4 [pH 7.2]) with formaldehyde A
(4%) overnight, permeabilized, and labeled in PBS containing 0.3% c
Triton X-100 and Cy-5-conjugated streptavidin (1:2000; Jackson S
Immunoresearch) for 12 hr at 4°C. Propidium iodide (1:2000; Molec-
ular Probes) was used as a nuclear counterstain. Images were ac-
quired on a confocal microscope (Olympus) equipped with a 20× A
objective.
T
NAnalysis
4Correlated spiking was determined as described (Schoppa and
fWestbrook, 2002). Step current injections were used to depolarize
ccells near threshold. The elicited action potential trains were similar
sin both cells (z20 Hz). The interspike intervals varied within and
across cells, but were within the range of mitral cell firing in vivo
(Margrie et al., 2001; Cang and Isaacson, 2003). Briefly, a cross- R
correlogram of spike lag times (t) between each paired-cell re- R
cording (±100 ms, single-cell reference) was generated. Initially, t A
measurements were placed in 20 ms bins, and the normalized stan- P
dard deviation (raw SD/mean) of bins rtrR40 ms was determined.
The largest normalized SD value across 41 paired recordings was R
0.31. t measurements were then placed in 5 ms bins, and a ratio
of probability (S) that rtr<10 ms versus 30%rtr%40 ms was com-
A
puted (an S value of 1.00 reflects random spiking). The minimum S
t
value as a criterion for determining whether cells synchronized
Aspikes was set at twice the largest normalized SD value for all re-
(cordings (S R 1.62).
oWe determined the synchronization of TBOA-induced depolar-
izations by generating the average cross-correlation of 10 s epochs A
nof a continuous recording (total time > 60s) and calculating the
cross-correlation at t = 0 (C0). Because the glomerular target of e
Nmitral cells could not be reliably determined by DIC optics, we used
the synchrony of TBOA-induced depolarizations to determine the B
glomerular specificity of mitral cell pairs (Schoppa and Westbrook, e
2001; Schoppa and Westbrook, 2002). As expected, wild-type and n
knockout pairs of mitral cells that projected to the same glomerulus
B
had highly synchronized depolarizations (C0 values R 0.75, con- l
firmed by biocytin fills; wild-type, n = 5; knockout, n = 6), whereas
C
cells that projected to different glomeruli were not synchronized
d
(C0 values % 0.50, confirmed by cell fills; wild-type, n = 5) (see
BFigures 1C and 6C).
r
BPerfusion and Preparation of Tissue Sections
iCx36-EGFP mice (n = 3) and wild-type control mice (n = 3) were
3deeply anesthetized with a mixture of Ketanest, Xylain, and NaCl
and perfused through the heart with 0.9% saline followed by fixa- B
ttive containing 4% paraformaldehyde and 0.05% glutaraldehyde
(Sigma) in 0.1 M phosphate buffer (PB, pH 7.4). The olfactory bulbs m
twere dissected out, and coronal sections of 40–60 m thickness
were cut on a vibratome (VT1000S; Leica Microsystems). B
i
Preembedding Immunogold Staining C
BSA (5%) (Sigma) in PBS (pH 7.4) was used for blocking, followed o
by incubation in a 1:10000 dilution of rabbit anti-EGFP primary anti- N
body (Molecular Probes). For immunogold reaction, sections were
C
incubated in a goat anti-rabbit IgG coupled to 1 nm gold particles
p
(Amersham Life Science; diluted 1:30 in 1% NGS, 0.1% IGSS, and
2
0.8% BSA). The UltraSmall gold particles were silver-enhanced by
CIntenSETMM, as described by the manufacturer (Amersham). Sec-
itions for electron microscopy were postfixed with 1% OsO4, con-
strasted in 1% uranyl acetate, dehydrated in graded alcohol series
and propylene oxide, and embedded flat in epoxy resin (Durcupan CCM, Fluka) on slides. After polymerization of the resin, selected
reas were reembedded in Durcupan blocks for sectioning. Serial
0 nm sections were collected on pioloform-coated copper grids
nd contrasted with lead citrate. The electron micrographs were
aken on an EM 10 Zeiss CR electron microscope. We chose fixa-
ion conditions for electron microscopy that allowed penetration
f antibodies so that we could identify the location of Cx36. This
nevitably causes some loss of resolution compared to the stronger
ixation conditions that are generally used to identify gap junctions
y electron microscopy.
tatistics
NOVA and Student’s t tests were used where appropriate. Signifi-
ance was set at p % 0.05. Data were expressed as the mean ±
EM from a population of cells or cell pairs (n).
cknowledgments
his work was supported by National Institutes of Health grant
S26494 (G.L.W.), 1F31-DC051224 (J.M.C.), and DFG grant SFB
88 (H.M.). We thank members of the Westbrook and Monyer labs
or their helpful discussions, including Linda Overstreet for her
omments on the manuscript. In addition, we thank Aesoon Ben-
on for her assistance.
eceived: October 4, 2004
evised: March 14, 2005
ccepted: April 25, 2005
ublished: June 1, 2005
eferences
drian, E.D. (1950). The electrical activity of the mammalian olfac-
ory bulb. Electroencephalogr. Clin. Neurophysiol. 2, 377–388.
lvarez, V.A., Chow, C.C., Van Bockstaele, E.J., and Williams, J.T.
2002). Frequency-dependent synchrony in the locus ceruleus: Role
f electrotonic coupling. Proc. Natl. Acad. Sci. USA 99, 4032–4036.
mitai, Y., Gibson, J.R., Beierlein, M., Patrick, S.L., Ho, A.M., Con-
ors, B.W., and Golomb, D. (2002). The spatial dimensions of
lectrically coupled networks of interneurons in the neocortex. J.
eurosci. 22, 4142–4152.
eierlein, M., Gibson, J.R., and Connors, B.W. (2000). A network of
lectrically coupled interneurons drives synchronized inhibition in
eocortex. Nat. Neurosci. 3, 904–910.
elluardo, N., Mudo, G., Trovato-Salinaro, A., Le Gurun, S., Charol-
ais, A., Serre-Beinier, V., Amato, G., Haefliger, J.A., Meda, P., and
ondorelli, D. (2000). Expression of connexin36 in the adult and
eveloping rat brain. Brain Res. 865, 121–138.
ennett, M.V., and Zukin, R.S. (2004). Electrical coupling and neu-
onal synchronization in the mammalian brain. Neuron 41, 495–511.
ishofberger, J., and Jonas, P. (1997). Action potential propagation
nto the presynaptic dendrites of rat mitral cells. J. Physiol. 504,
59–365.
latow, M., Rozov, A., Katona, I., Hormuzdi, S.G., Meyer, A.H., Whit-
ington, M.A., Caputi, A., and Monyer, H. (2003). A novel network of
ultipolar bursting interneurons generates theta frequency oscilla-
ions in neocortex. Neuron 38, 805–817.
ozza, T.C., and Mombaerts, P. (2001). Olfactory coding: revealing
ntrinsic representations of odors. Curr. Biol. 11, R687–R690.
ang, J., and Isaacson, J.S. (2003). In vivo whole-cell recording
f odor-evoked synaptic transmission in the rat olfactory bulb. J.
eurosci. 23, 4108–4116.
arlson, G.C., Shipley, M.T., and Keller, A. (2000). Long-lasting de-
olarizations in mitral cells of the rat olfactory bulb. J. Neurosci.
0, 2011–2021.
hao, T.I., Kasa, P., and Wolff, J.R. (1997). Distribution of astroglia
n glomeruli of the rat main olfactory bulb: exclusion from the sen-
ory subcompartment of neuropil. J. Comp. Neurol. 388, 191–210.
hristie, J.M., and Westbrook, G.L. (2003). Regulation of backprop-
Cx36 and Spike Synchronization in Mitral Cells
771agating action potentials in mitral cell lateral dendrites by A-type
potassium currents. J. Neurophysiol. 89, 2466–2472.
Condorelli, D.L., Parenti, R., Spinella, F., Trovato-Salinaro, A., Bellu-
ardo, N., Cardile, V., and Cicirata, F. (1998). Cloning of a new gap
junction gene (Cx36) highly expressed in mammalian brain neurons.
Eur. J. Neurosci. 10, 1202–1208.
Connors, B.W., and Long, M.A. (2004). Electrical synapses in the
mammalian brain. Annu. Rev. Neurosci. 27, 393–418.
Deans, M.R., Gibson, J.R., Sellitto, C., Connors, B.W., and Paul,
D.L. (2001). Synchronous activity of inhibitory networks in neocor-
tex requires electrical synapses containing connexin36. Neuron 31,
477–485.
Deans, M.R., Volgyi, B., Goodenough, D.A., Bloomfield, S.A., and
Paul, D.L. (2002). Connexin36 is essential for transmission of rod-
mediated visual signals in the mammalian retina. Neuron 36, 703–
712.
Degen, J., Meier, C., Van Der Giessen, R.S., Sohl, G., Petrasch-
Parwez, E., Urshel, S., Dermietzel, R., Schilling, K., De Zeeuw, C.I.,
and Willecke, K. (2004). Expression pattern of lacZ reporter gene
representing connexin36 in transgenic mice. J. Comp. Neurol. 473,
511–525.
Devor, A., and Yarom, Y. (2001). Electrotonic coupling in the inferior
olivary nucleus revealed by simultaneous double patch recording.
J. Neurophysiol. 87, 3048–3058.
De Zeeuw, C.I., Chorev, E., Devor, A., Manor, Y., Van Der Giessen,
R.S., De Jeu, M.T., Hoogenraad, C.C., Bijman, J., Ruigrok, T.J.,
French, P., et al. (2003). Deformation of network connectivity in the
inferior olive of connexin 36-deficient mice is compensated by mor-
phological and electrophysiological changes at the single neuron
level. J. Neurosci. 23, 4700–4711.
Djurisic, M., Antic, S., Chen, W.R., and Zecevic, D. (2004). Voltage
imaging from dendrites of mitral cells: EPSP attenuation and spike
trigger zones. J. Neurosci. 24, 6703–6714.
Feigenspan, A., Janssen-Blenhold, U., Hormuzdi, S., Monyer, H.,
Degen, J., Sohl, G., Willecke, K., Ammermuller, J., and Weiler, R.
(2004). Expression of connexin36 in cone pedicles and OFF-cone
bipolar cells of the mouse retina. J. Neurosci. 24, 3325–3334.
Gibson, J.R., Beierlein, M., and Connors, B.W. (1999). Two networks
of electrically coupled inhibitory neurons in neocortex. Nature 402,
75–79.
Herve, J.C., Bourmeyster, N., and Sarrouilhe, D. (2004). Diversity in
protein-protein interactions of connexins: emerging roles. Biochim.
Biophys. Acta 1662, 22–41.
Hormuzdi, S.G., Pais, I., LeBeau, F.E.N., Towers, S.K., Rozov, A.,
Buhl, E.H., Whittington, M.A., and Monyer, H. (2001). Impaired
electrical signaling disrupts gamma frequency oscillations in con-
nexin 36-deficient mice. Neuron 31, 487–495.
Hormuzdi, S.G., Filippov, M.A., Mitropoulou, G., Monyer, H., and
Bruzzone, R. (2004). Electrical synapses: a dynamic signaling sys-
tem that shapes the activity of neuronal networks. Biochim. Bio-
phys. Acta 1662, 113–137.
Isaacson, J.S. (1999). Glutamate spillover mediates excitatory
transmission in the rat olfactory bulb. Neuron 23, 377–384.
Kashiwadani, H., Sasaki, Y.F., Uchida, N., and Mori, K. (1999). Syn-
chronized oscillatory discharges of mitral/tufted cells with different
molecular receptive ranges in the rabbit olfactory bulb. J. Neuro-
physiol. 82, 1786–1792.
Kasowski, H.J., Kim, H., and Greer, C.A. (1999). Compartmental or-
ganization of the olfactory bulb glomerulus. J. Comp. Neurol. 407,
261–274.
Kosaka, T., and Kosaka, K. (2003). Neuronal gap junctions in the rat
main olfactory bulb, with special reference to intraglomerular gap
junctions. Neurosci. Res. 45, 189–209.
Kosaka, T., and Kosaka, K. (2004). Neuronal gap junctions between
intraglomerular mitral/tufted cell dendrites in the mouse main olfac-
tory bulb. Neurosci. Res. 49, 373–378.
Korsching, S. (2002). Olfactory maps and odor images. Curr. Opin.
Neurobiol. 12, 387–392.
Landisman, C.E., Long, M.A., Beierlein, M., Deans, M.R., Paul, D.L.,and Connors, B.W. (2002). Electrical synapses in the thalamic retic-
ular nucleus. J. Neurosci. 22, 1002–1009.
Laurent, G., Wehr, M., and Davidowitz, H. (1996). Temporal repre-
sentations of odors in an olfactory network. J. Neurosci. 16, 3837–
3847.
Laurent, G., Stopfer, M., Friedrich, R.W., Rabinovich, M.I., Volkov-
skii, A., and Abarbanel, H.D.I. (2001). Odor encoding as an active,
dynamical process: experiments, computation, and theory. Annu.
Rev. Neurosci. 24, 263–297.
Long, M.A., Deans, M.R., Paul, D.L., and Conners, B.W. (2002).
Rhythmicity without synchrony in the electrically uncoupled inferior
olive. J. Neurosci. 22, 10898–10905.
Long, M.A., Landisman, C.E., and Conners, B.W. (2004). Small clus-
ters of electrically coupled neurons generate synchronous rhythms
in the thalamic reticular nucleus. J. Neurosci. 24, 341–349.
MacLeod, K., Backer, A., and Laurent, G. (1998). Who reads tempo-
ral information contained across synchronized and oscillatory spike
trains? Nature 395, 693–698.
Margrie, T.W., Sakmann, B., and Urban, N.N. (2001). Action poten-
tial propagation in mitral cell lateral dendrites is decremental and
controls recurrent and lateral inhibition in the mammalian olfactory
bulb. Proc. Natl. Acad. Sci. USA 98, 319–324.
Migliore, M., Hines, M.L., and Shepherd, G.M. (2005). The role of
distal dendritic gap junctions in synchronization of mitral cell axo-
nal output. J. Comput. Neurosci. 18, 151–161.
Miragall, F., Simburger, E., and Dermietzel, R. (1996). Mitral and
tufted cells of the mouse olfactory bulb possess gap junctions and
express connexin43 mRNA. Neurosci. Lett. 216, 199–202.
Mori, K., Nagao, H., and Yoshihara, Y. (1999). The olfactory bulb:
coding and processing of odor molecule information. Science 286,
711–715.
Nagy, J.I., and Rash, J.E. (2000). Connexins and gap junctions of
astrocytes and oligodendrocytes in the CNS. Brain Res. Brain Res.
Rev. 32, 29–44.
Parenti, R., Gulisano, M., Zappala, A., and Cicirata, F. (2000). Ex-
pression of connexin36 mRNA in adult rodent brain. Neuroreport 7,
1497–1502.
Paternostro, M.A., Reyher, C.K., and Brunjes, P.C. (1995). Intracellu-
lar injections of Lucifer Yellow into lightly fixed mitral cells reveal
neuronal dye-coupling in the developing rat olfactory bulb. Brain
Res. Dev. Brain Res. 84, 1–10.
Pereda, A.E., Bell, T.D., and Faber, D.S. (1995). Retrograde synaptic
communication via gap junctions coupling auditory afferents to the
Mauthner cell. J. Neurosci. 15, 5943–5955.
Pereda, A., O’Brien, J., Nagy, J.I., Smith, M., Bukauskas, F., David-
son, K.G., Kamasawa, N., Yasumura, T., and Rash, J.E. (2003).
Short-range functional interaction between connexin35 and neigh-
boring chemical synapses. Cell Commun. Adhes. 10, 419–423.
Pinching, J., and Powell, T.P.S. (1971). The neuropil of the glomeruli
of the olfactory bulb. J. Cell Sci. 9, 347–377.
Puopolo, M., and Belluzzi, O. (2001). NMDA-dependent, network-
driven oscillatory activity induced by bicuculline or removal of Mg2+
in the rat olfactory bulb neurons. Eur. J. Neurosci. 13, 92–102.
Rash, J.E., Staines, W.A., Yasumura, T., Furman, C.S., Stelmack,
G.L., and Nagy, J.I. (2000). Immunogold evidence that neuronal gap
junctions in adult rat brain and spinal cord contain connexin-36 but
not connexin-32 or connexin-43. Proc. Natl. Acad. Sci. USA 97,
7573–7578.
Salin, P.A., Lledo, P.M., Vincent, J.D., and Charpak, S. (2001). Den-
dritic glutamate autoreceptors modulate signal processing in rat
mitral cells. J. Neurophysiol. 85, 1275–1282.
Schmitz, D., Schuchmann, S., Fisahn, A., Draguhn, A., Buhl, E.H.,
Petrasch-Parwez, E., Dermietzel, R., Heinemann, U., and Traub,
R.D. (2001). Axo-axonal coupling. a novel mechanism for ultrafast
neuronal communication. Neuron 31, 831–840.
Schoppa, N.E., and Westbrook, G.L. (2001). Glomerulus-specific
synchronization of mitral cells in the olfactory bulb. Neuron 31,
639–651.
Schoppa, N.E., and Westbrook, G.L. (2002). AMPA autoreceptors
Neuron
772drive correlated spiking in olfactory bulb glomeruli. Nat. Neurosci.
5, 1194–1202.
Smith, M., and Pereda, A.E. (2003). Chemical synaptic activity mod-
ulates nearby electrical synapses. Proc. Natl. Acad. Sci. USA 100,
4829–4854.
Sohl, G., Degen, J., Teubner, B., and Willecke, K. (1998). The murine
gap junction gene connexin36 is highly expressed in mouse retina
and regulated during brain development. FEBS Lett. 428, 27–31.
Stopfer, M., Bhagavan, S., Smith, B.H., and Laurent, G. (1997). Im-
paired odor discrimination on desynchronization of odor-encoding
neural assemblies. Nature 390, 70–74.
Teubner, B., Degen, J., Sohl, G., Guldenagel, M., Bukauskas, F.F.,
Trexler, E.B., Verselis, V.K., De Zeeuw, C.I., Lee, C.G., Kozak, C.A.,
et al. (2000). Functional expression of the murine connexin 36 gene
coding for a neuron-specific gap junctional protein. J. Membr. Biol.
176, 249–262.
Traub, R.D., Pais, I., Bibbing, A., LeBeau, F.E., Buhl, E.H., Hormuzdi,
S.G., Monyer, H., and Whittington, M.A. (2003). Contrasting roles of
axonal (pyramidal cell) and dendritic (interneuron) electrical cou-
pling in the generation of neuronal network oscillations. Proc. Natl.
Acad. Sci. USA 100, 1370–1374.
Urban, N.N., and Sakmann, B. (2002). Reciprocal intraglomerular
excitation and intra- and interglomerular lateral inhibition between
mouse olfactory bulb mitral cells. J. Physiol. 542, 355–367.
Venance, L., Rozov, A., Blatow, M., Burnashev, N., Feldmeyer, D.,
and Monyer, H. (2000). Connexin expression in electrically coupled
postnatal rat brain neurons. Proc. Natl. Acad. Sci. USA 97, 10260–
10265.
Wehr, M., and Laurent, G. (1996). Odour encoding by temporal se-
quences of firing in oscillating neuronal assemblies. Nature 384,
162–166.
Xiong, W., and Chen, W.R. (2002). Dynamic gating of spike propa-
gation in the mitral cell lateral dendrites. Neuron 34, 115–126.
Xu, F., Greer, C.A., and Shepherd, G.M. (2000). Odor maps in the
olfactory bulb. J. Comp. Neurol. 422, 489–495.
Zhang, C., and Restrepo, D. (2002). Expression of connexin 45 in
the olfactory system. Brain Res. 929, 37–47.
Zhang, C., and Restrepo, D. (2003). Heterogeneous expression of
connexin 36 in the olfactory epithelium and glomerular layer of the
olfactory bulb. J. Comp. Neurol. 459, 426–439.
